Abstract--Miniaturization has driven down the cost of tools used in bioanalysis and diagnostics, with single molecules becoming the ultimate detection limit. Our aim is to build a force-spectroscopy-on-a-chip device that can detect and manipulate many (millions) single molecules in parallel. We demonstrate placement of single DNA molecules on a surface with controlled spacing and subsequent attachment of microscopic force probes to those molecules. We used dielectrophoresis (DEP) in a simple planarelectrode geometry as a form of molecular force spectroscopy in a highly parallel format. We determined the approximate crossover frequency between negative and positive DEP using electrodes without dielectric microstructures-a simplification over standard experimental methods involving quadrupoles or optical trapping. We applied the DEP tweezers to the stretching of a short DNA oligomer and detected its extension using total-internal reflection fluorescence microscopy. The combination of a simple device fabrication, molecule-bead alignment, uniform distribution of high axial forces, and simultaneous detection of molecular extensions makes DEP tweezers ideal for highly parallel detection of stretching or unbinding of biomolecules.
Introduction
Molecular force spectroscopy (MFS) is a major research tool for studying inter-and intra-molecular forces. In MFS experiments, hundreds of measurements must be collected on the same system in order to provide sufficient data for averaging and statistics or to uncover multiple unique mechanical pathways or states of the system. This experimental process is often time-consuming and cannot be readily extended to a parallel format using conventional methods (optical tweezers and AFM). We propose a massively parallel MFS technique based on DEP, in which the force on the probes is evenly applied to all the probes in the system. We report an implementation of dielectrophoretic tweezers using parallel flat electrodes to manipulate an array of polymer force probes. Instead of fabricating complex micro-electrode arrays to generate the field gradients necessary to manipulate particles with DEP (a common approach for applications of dielectrophoresis with biological samples), we used a single set of macroscopic electrodes to generate high electric field gradients in the vicinity of the sample surface by using simple microfabricated dielectric structures (microwells) on one of the electrodes. We evaluated the performance characteristics of several possible designs for DEP tweezers using numerical analysis and then used this chip-based force spectroscopy technique to stretch single stranded DNA (ssDNA) [1] .
DEP tweezers design
To produce a DEP force, one needs to form electric field gradient in the sample volume of interest. Commonly, closely positioned micropatterned electrodes are used to create a nonuniform electric field capable of generating a DEP force. As an alternative to this method, a dielectric structure (including the particle that one is trying to manipulate) perturbs the electric field. When the sphere is close to the surface of one of the two planar electrodes (distance<<particle size), an imbalance of the field gradient is created on the two sides of the probe (facing the solution and facing the electrode), generating a net DEP force normal to the substrate. This phenomenon is ideally suited for use of large (micron size) probes to pull on molecules having contour lengths on the order of hundreds of nanometers attached to flat surfaces, since the probe will always remain close to the surface compared to its size. This parallel-plate electrodes DEP cell design can also serve as a simple device to map the crossover frequency between the two DEP regimes for different probes and solution conditions without setting up the quadruple electrodes or integrating the DEP device with the optical tweezers.
For the two planar electrodes design Numerical analysis suggested that (i) DEP forces acting on a colloidal probe decay quickly with its distance from the electrode (within 200-500 nm); (ii) the maximum force achieved in the DEP tweezers drops rapidly (inversely quadratic) with an increase in the inter-electrode gap. To increase the magnitude of DEP force, as well as introduce order to the array of, we microfabricated a microwell (using conventional photoresist) array on a planar-electrode (Fig. 1) . Microwells can increase the maximum force on the beads and greatly reduce the dependence of the DEP force on the interelectrode spacing. Microwell arrays can have added benefits for DEP tweezers by increasing the density of the probes on the surface, simplifying bead indexing, and improving stability of the probe-molecule assembly by reducing shear forces during exchange of the solution inside the fluid cell.
Spacing of single DNA molecule
Spacing of single molecules is of particular interest to those working with single-molecule analytical techniques. We demonstrated that mixed alkanethiol and thiolated DNA selfassembled monolayers on the thin gold substrates can be used to control the density of immobilized DNA for singlemolecule force spectroscopy experiments. The Cy5-labeled primer hybridized and thiolated 142 base long ssDNA were covalently bound to a transparent gold-coated glass substrate. We characterized the real-space distribution of single DNA molecules using single molecule fluorescence (Fig. 2a) and atomic force microscopy (Fig. 2b) . For fluorescence experiments, we visualized the distribution of immobilized DNA by using a small PEG-thiol molecule to lift the fluorophore from the gold surface in the course of backfilling gold sites remaining after reaction with the DNA. 
Stretching of single DNA molecules
To demonstrate the ability of the proposed DEP tweezers to conduct single molecule force spectroscopy, we tethered the DEP probe to the surface via a well-spaced 142 base ssDNA molecule. Two different terminal functional groups (thiol and amine) were used to facilitate attachment chemistry to gold electrode and poly(methyl methacrylate) microspheres bearing surface carboxyl groups. After the beads were flushed into the fluid cell and tethered to ssDNA molecules attached to the bottom of the wells, about 80% of the wells were occupied with the force probes.
After attachment of probes, we applied a 1 kHz AC field to electrodes in the DEP fluid cell and modulated the peak-to-peak voltage between 0 V and 10 V to stretch the DNA (Fig. 3) . When the AC field was applied, about 25% of the captured probes left the surface, indicating that these probes were not covalently bound to the ssDNA. The remaining probes showed intensity oscillations when we modulated the amplitude of AC voltage. As expected for TIRF illumination, the fluorescence of the beads is brighter at low voltage (low force) than at high voltage. The fluorescence intensities of the beads that move away from the surface at high voltage amplitude decay about 50% on average. According to the force-extension curve of ssDNA molecule, the estimated DEP force exerted on a probe is between 15 and 25 picoNewtons [2] . Figure. 3 (a) TIRF image extracted from a movie of the beads bound to ssDNA molecules attached to the bottom of the well. When the AC voltage amplitude changes from 0 V to 10 V, the brightness of the probe drops approximately 50%, consistent with the probe being pulled away from the surface and the DNA molecule being stretched. (b) Applied potential and raw fluorescence intensity data (normalized to a maximum intensity observed in a given trace) versus time.
